Objective. Given that the repetitive loss and regain of body weight, termed weight cycling, is a prevalent phenomenon that has been associated with negative physiological and psychological outcomes, the purpose of this study was to investigate weight change and physiological outcomes in women with a lifetime history of weight cycling enrolled in a 12-month diet and/or exercise intervention.
1.

Introduction
The repetitive loss and regain of body weight, referred to as weight cycling, appears to be a prevalent phenomenon. No uniform definition exists; however, estimates commonly range from 10% to 40% of the population in Westernized countries [1] [2] [3] [4] [5] .
Repetitive weight loss followed by regain has been associated with unfavorable physiological and psychological outcomes including effects on body composition, metabolic rate, immune function, and lower body esteem [4, [6] [7] [8] [9] [10] [11] . However, the degree to which repetitive fluctuations in body weight represent an independent risk factor for adverse health outcomes, including successful future weight loss, is not clear. Studies have reported mixed findings on behavioral and physiological changes over successive weight loss attempts, including worse compliance [12] and effects on body fat distribution, energy expenditure, and specific comorbidities [13, 14] . It has been suggested that weight cycling may increase preference for dietary fat [15] and the likelihood of weight gain over time [2, [16] [17] [18] . Repeated unsuccessful attempts at weight loss maintenance may therefore affect future weight loss through metabolic adaptation or factors related to program adherence [14] . However, few studies have been able to examine this, and it remains unclear whether repetitive cycles of weight loss and regain have any significant effect on subsequent success in achieving weight loss, or on the metabolic changes that typically accompany it.
Given the well-documented difficulty of maintaining weight loss [19, 20] , the potentially deleterious effects of weight cycling would be an important consideration in formulating treatment recommendations and populationbased approaches to address obesity. The purpose of this study was to explore whether postmenopausal women with a lifetime history of repetitive weight cycling exhibit different body composition or physiologic responses to 12 months of diet and/or exercise intervention compared to non-cyclers.
Methods
The Nutrition and Exercise in Women (NEW) study, conducted from 2005 to 2009, was a 12-month randomized controlled trial to test the effects of dietary weight loss and/or exercise on circulating hormones and other variables [21] . Study procedures were reviewed and approved by the Fred Hutchinson Cancer Research Center Institutional Review Board in Seattle, WA, and all participants provided informed consent.
Participants
Participants were overweight or obese (BMI ≥25.0 kg/m 2 or ≥23.0 kg/m 2 if Asian-American), postmenopausal women (50-75 years). Specific exclusion criteria included: >100 min/week of moderate activity, diagnosed diabetes, fasting blood glucose ≥7 mmol/L or use of diabetes medications; use of postmenopausal hormone therapy; history of breast cancer or other serious medical condition(s); alcohol intake ≥2 drinks/ day or current smoking; contraindication to participating in the study interventions for any reason (e.g. an abnormal exercise tolerance test), participation in another structured weight loss program, or use of weight loss medications.
Study design
Women were recruited through targeted mass mailings and media, and underwent several screening activities (Fig. 1) . Eligible women were randomized into one of four study arms: 1) dietary weight loss (N = 118); 2) moderate-to-vigorous intensity aerobic exercise (N = 117); 3) combined aerobic exercise and dietary weight loss (N = 117); or 4) control (no intervention) (N = 87). The random assignment was computergenerated stratified according to BMI (<30 or ≥30 kg/m 2 ) and participants' self-reported race/ethnicity (Black, non-Hispanic White, or other). To achieve a proportionally smaller control group, a permuted blocks randomization with blocks of 4 was used, wherein the control assignment was randomly eliminated from each block with a probability of approximately 1 in 4. The NEW trial was designed to have at least 80% power to detect a difference of 10% in serum estrone (trial's primary endpoint) over 12 months, making three primary pairwise comparisons: diet + exercise vs exercise; diet + exercise vs diet; and diet vs exercise intervention groups. One participant randomized to diet + exercise intervention was excluded from this analysis due to missing baseline blood measures.
The dietary weight-loss intervention comprised our modification of the Diabetes Prevention Program [22] and Look AHEAD [23] lifestyle behavior change programs with the following goals: total daily energy intake of 1200-2000 kcal/ day based on baseline body weight, <30% daily energy intake from fat, and a 10% reduction in body weight by 6 months with maintenance thereafter to 12 months. Participants met individually with a study dietitian at least twice, followed by weekly group meetings (5-10 women), for 6 months. Thereafter (months 7-12), participants attended monthly groups meetings, in addition to phone and email contact with study dietitians. Women were asked to record all food eaten daily for at least 6 months, or until they reached their individual weight loss goal (10%). During the first 6 months, food journals were collected weekly and returned with feedback. Food journals, weekly weigh-ins and session attendance were used to promote and track adherence to the diet intervention.
The exercise intervention progressed to 45 min of moderateto-vigorous intensity exercise at a target heart rate of 70%-85% observed maximum, 5 days per week (225 min/week) by the 7th week. Throughout the intervention, participants attended 3 supervised sessions/week at the study facility and exercised 2 days/week at home. Participants recorded the mode and duration of exercise, peak heart rate (Polar Electro, Lake Success, NY) and relative perceived exertion at each session. Activities of at least 4 metabolic equivalents (METs) according to the Compendium of Physical Activities [24] were counted towards the prescribed exercise target of 225 min/week. Weight loss was not a specific goal of the exercise intervention.
Participants randomized to the diet + exercise group received separate nutrition sessions and were instructed not to discuss the diet intervention during supervised exercise sessions.
The control group was asked not to change their diet or exercise habits for 12 months. At study completion, they were offered 4 group nutrition classes and 8 weeks of individualized exercise training.
Weight cycling
Study participants were asked to answer the following question in a baseline questionnaire: "Since you were 18 years old, how many different times did you lose each of the following amounts of weight on purpose (excluding pregnancy or illness): 5-9 lb, 10-19 lb, 20-49 lb, 50-79 lb, 80-99 lb, ≥100 lb?" Possible responses were 0, 1-2, 3-4, 5-6, or 7 + times for each magnitude of weight loss. No specific information was available to quantify the magnitude of weight regain following each weight loss; however, given that all participants were overweight/obese at baseline, the assumption of at least partial weight regain, particularly among women who reported ≥3 episodes was felt to be acceptable, as has been done in other studies [9, 16, 25, 26] . To be consistent with previous studies [4, 9, 16, 27] , women who reported losing ≥20 lb (≥9.9 kg) on three or more occasions were classified as severe weight cyclers; women who reported losing ≥10 lb (≥4.5 kg) on three or more occasions, but did not meet the criteria for severe cycling, were classified as moderate weight cyclers. All other women were considered non-cyclers.
Study measures
All study measures were obtained and analyzed by trained personnel who were blinded to the participants' randomization status. Demographic information, medical history, health habits, reproductive and body weight history, psychosocial attributes, dietary intake (via a validated 120-item self-administered food frequency questionnaire [28] ), and physical activity patterns (via a modified, interview-administered Minnesota Physical Activity Questionnaire [29] ) were collected at baseline (prior to randomization) and 12 months. At both time points, participants wore pedometers (Accusplit, Silicon Valley, CA) while awake for 7 consecutive days to determine an average daily step count. Cardiorespiratory fitness (VO 2 max) was assessed using a maximal graded treadmill test with a modified branching protocol [30] . Heart rate and oxygen uptake were One participant randomized to diet + exercise intervention was excluded from present study due to missing baseline blood measure.
continuously monitored with an automated metabolic cart (MedGraphics, St. Paul, MN). Anthropometric measures were obtained from participants in hospital gowns without shoes. BMI (kg/m 2 ) was calculated from weight and height, measured to the nearest 0.1 kg and 0.1 cm, respectively, with a balance beam scale and stadiometer. Waist circumference was measured to the nearest 0.5 cm at the minimal waist. Body composition was measured using a DXA whole-body scanner (GE Lunar, Madison, WI). Resting blood pressure was measured from the brachial artery while participants were seated comfortably. To facilitate analysis, mean arterial pressure (MAP = 1/3 [systolic pressure−diastolic pressure] + diastolic pressure) was calculated and used as a single, continuous variable.
Fasting venous blood samples (50 mL) were collected during clinic visits prior to randomization and at 12 months. Participants consumed no food or drink other than water for 12 h prior, and were requested not to exercise for 24 h preceding the blood draw. Blood was processed within 1 h and samples stored at −70°C.
Serological assays
Blood samples were analyzed in batches such that each participant's samples were: assayed simultaneously, the number of samples from each intervention group was approximately equal, participant randomization dates were similar, and the sample order was random. All but four samples were analyzed for insulin and C-peptide in a single batch. Exclusion of these samples did not affect the results. C-reactive protein (CRP) was measured at the University of Washington Clinical Nutrition Research Unit Laboratory. All other assays were performed at the University of Washington Northwest Lipid Research Laboratories. CRP was assayed on a Roche Mira Plus Chemistry Analyzer using Genzyme CRP Ultra Wide Range Reagent. Intra-and inter-assay coefficients of variation (CVs) were 4.1% and 4.7%, respectively. Interleukin-6 (IL-6) was quantified with an ultra-sensitive ELISA assay (Quantikine HS ELISA, Minneapolis, MN) using a quantitative sandwich enzyme immunoassay technique. Intra-and interassay CVs were 9.7% and 12.4%, respectively. Adiponectin was measured using a radioimmunoassay (Linco Research) with 125 I-labeled murine adiponectin and anti-adiponectin antibody; leptin was quantified using a Linco Research Human Leptin radioimmunoassay that utilizes 125 I-labeled Human Leptin, and the double antibody/PEG technique (Millipore, Billerica, MA). Intra-and inter-assay CVs were 8.4% and 9.8%, respectively, for adiponectin; they were 9.1% and 14.4%, respectively, for leptin.
Insulin was quantified by a 48-h, polyethylene glycolaccelerated, double antibody radioimmunoassay. C-peptide was analyzed using a two-site immunoenzymometric assay performed in a Tosoh AIA 1800 auto analyzer (Tosoh Bioscience, San Francisco). Glucose was quantified using a Clinical Chemistry Autoanalyzer with the hexokinase method. The intra-assay CVs were 4.5% for insulin and 4.3% for Cpeptide. The intra-and inter-assay CVs for glucose measurement were 1.1% and 3.5%, respectively. The homeostasis assessment model (HOMA-IR = fasting insulin (mU/L) × fasting glucose (mmol/L)/22.5) [31] was calculated as a surrogate measure of whole-body insulin resistance [32] . In cases where the difference between baseline and 12-month CRP values exceeded approximately 10× their other value, data were excluded (n = 4).
Statistics
In cases of missing values, no change from baseline was assumed. Repeating the main analyses using only available data did not meaningfully affect any of the results. On account of skewed distributions, MAP and serum measures were log transformed prior to analysis. General linear models were used to test for trends in baseline body composition, blood pressure (MAP), serum blood measures, and intervention adherence across non-, moderate-, and severe weight cyclers. A Chi-square test was used to examine between-group differences in study retention. Mean 12-month changes in body composition and physiological variables among weight-cyclers and noncyclers were compared separately within the exercise, diet, and exercise + diet groups. The generalized estimating equations (GEE) modification of linear regression was used to account for the correlation within individuals over time [33] . Differences between moderate and severe cyclers and noncyclers were examined in unadjusted models and in models that included baseline BMI as a covariate. To increase statistical power, these analyses were repeated after combining moderate and severe weight cyclers.
All statistical analyses were performed using SAS software version 9.2 (SAS Institute, Cary, NC).
Results
At 12 months, 398 of 438 participants completed physical exams and provided blood samples, 397 underwent a DXA scan, and 371 completed a maximal treadmill test; 39 women did not complete the study (diet = 13, exercise = 12, diet + exercise = 7, controls = 7) (Fig. 1) .
Weight cycling
Overall, 103 (24%) women met the criteria for moderate weight cycling and an additional 77 (18%) met the criteria for severe weight cycling. There were no significant differences in demographic characteristics, dietary intake, physical activity, or fitness levels between weight cycling groups at baseline (Table 1) . On average, moderate and severe weight cyclers were heavier, had larger waist circumferences, and a greater percentage of body weight as fat (% body fat) (P < .001). Weight cyclers also had less favorable metabolic and hormonal profiles than non-cyclers; however, these differences disappeared after adjusting for BMI (Table 1) .
Adherence to interventions
Overall adherence to the dietary weight loss and aerobic exercise interventions has been previously described in detail [21] . Journaling, session attendance, weekly weight loss, and changes in % calories from fat and fiber intake (g) were used as measures of adherence to the diet intervention. Total minutes of facility and home-based exercise, average pedometer steps/ day and the change in VO 2max were used as indicators of adherence to the exercise intervention. A history of weight cycling was not significantly associated with any measure of dietary or exercise adherence (Table 2) . Similar results were observed when the association between a history of weight cycling and adherence was examined in all dieters (n = 234) and all exercisers (n = 233). History of weight cycling was not associated with study retention in any of the intervention arms or in the study as a whole.
3.3.
Changes in response to diet and/or exercise intervention Table 3 summarizes the anthropometric and body composition changes in response to 12 months of diet and/or exercise intervention in weight cyclers compared to non-cyclers. Table 4 provides the absolute and % change in physiologic variables in weight cyclers compared to non-cyclers within each of the 4 study arms.
When all weight cyclers (moderate and severe) were combined, weight cyclers in the exercise alone group had a smaller reduction in % body fat (P ≤ .01) and smaller corresponding increase in % lean mass (P ≤ .01) compared to their non-cycling counterparts, despite a similar reduction in overall body weight (− 2.4%). These women also had a significantly greater improvement in HOMA-IR, even after adjusting for differences in body weight (P = .04). No significant differences in outcomes were detected between weight cyclers (combined) and non-cyclers in the other intervention arms.
Discussion
In this study of overweight postmenopausal women, a history of weight cycling did not appear to impede successful participation in diet and/or exercise interventions or alter their benefits on body composition and physiological outcomes. Although weight cyclers had less favorable metabolic profiles at baseline compared with non-cyclers, these differences could be accounted for by differences in body composition (higher BMI, larger waist circumference, and greater % body fat) rather than any independent effect of weight cycling per se. While a few significant differences were detected between moderate and severe weight cyclers compared to non-cyclers (Tables 3 and 4 ), these differences were not consistent across groups and could be expected by chance alone. When all women with a history of weight cycling were combined, no differences were observed between cyclers and non-cyclers assigned to diet alone or diet + exercise. In women randomized to exercise alone, weight cyclers and non-cyclers had a similar mean reduction in body weight (−2.4%), yet cyclers had a smaller reduction in % body fat and a greater improvement in insulin sensitivity, even after adjusting BMI. Given that exercise may affect insulin resistance even in the absence of significant weight loss [34, 35] , the greater magnitude of change observed may be owed to higher initial levels of metabolic dysregulation among the weight cyclers. Unfortunately, we did not have a sufficient sample size to perform a stratified analysis to test this hypothesis. Given that the NEW trial was not specifically designed to examine differences in response to lifestyle interventions among women with and without a lifetime history of weight cycling, this analysis should be considered exploratory. It is likely that the current study was underpowered to adequately test the large number of comparisons performed within each intervention arm. Nevertheless, given the relatively small differences in the absolute magnitude of the observed changes between weight cyclers and non-cyclers within each intervention group, the overall results of this study do not suggest that weight cycling has deleterious effects on the physiological changes induced by 12 months of dietary weight loss and/ or aerobic exercise.
To our knowledge, no previous studies have examined the effect of prior weight cycling on the body composition, metabolic, and hormonal changes induced by a comprehensive lifestyle intervention in free-living women. The higher baseline BMI, larger waist circumference, and greater body fat among moderate and severe cyclers are consistent with previously reported cross-sectional associations [4, 11, 16] and the observation that fat mass is regained to a greater degree than lean mass after weight loss [36] . We did not observe lower adiponectin in weight cyclers compared to non-cyclers as reported by Strychar et al [11] in a sample of 121 overweight/obese postmenopausal women; however, our other findings are consistent with the aforementioned study in that no differences in blood pressure, glucose, insulin sensitivity, or leptin concentrations were observed across weight cycling groups once BMI was accounted for.
A history of weight cycling has been identified as an important predictor of future weight gain [27, 37] . We did not observe a significant difference in weight change between cyclers and non-cyclers in the control group. However, the small sample size and 12 month follow-up period may have been insufficient to detect differences in this regard. In the intervention arms, good adherence was achieved in all groups and was similar between non-, moderate-, and severe cyclers when caloric restriction and exercise were targeted separately or together.
Provencher et al [38] previously reported that women with a history of dieting were more likely to have a higher fat and lower carbohydrate dietary pattern than non-dieters. We found no significant difference in dietary pattern according to history of weight cycling in the present study, nor in dietary changes throughout the intervention. Moderate weight cyclers appeared to reduce their carbohydrate intake less than non-cyclers and severe cyclers; however, this difference was not statistically different from the other groups in a pooled analysis of all participants who received the dietary intervention (P = .34, results not shown).
Weight loss stimulates adjustments in energy homeostatic hormones, including lower levels of insulin and leptin [39, 40] , yet the long-term effect of repetitive weight cycling on these parameters has not been widely examined. We did not detect an independent effect of weight cycling on baseline insulin, leptin, or adiponectin levels, nor did we detect differences in the hormonal response to 12 months of diet and/or exercise induced weight loss in weight cyclers compared to noncyclers. Changes in these parameters beyond the 12-month intervention remain an important area for future study, with the potential to improve our understanding of how these Table 3 -Changes in anthropometric and body composition variables in response to diet and/or exercise intervention among female weight cyclers compared to non-cyclers, according to intervention assignment. GEE models were used to compare changes from baseline to 12 months between moderate and severe weight cyclers compared to non-cyclers.
Control
hormones influence long-term weight loss maintenance. Longer-term studies will also help evaluate the relative benefit of caloric restriction and aerobic exercise on weight loss maintenance, and assess the degree to which women with a history of weight cycling continue to maintain healthy behavior change after participation in a structured program. Additional research is also required to better characterize the degree to which the magnitude and frequency of weight fluctuations influence the metabolic and hormonal response to weight loss and may contribute to weight gain over time.
The absence of a standard definition for weight cycling makes comparisons between studies difficult. Moreover, many studies have been unable to distinguish intentional from unintentional weight loss, which is important given that these are known to be differentially associated with health outcomes [3, 41] . For the purpose of this study, we opted to identify women with a history of weight cycling based on both the magnitude and number of intentional weight losses throughout adulthood. However, we could not characterize the degree or time-course of weight regain, nor assess potential effects of variability in this regard on the outcomes of interest. This represents a limitation of the current analysis Cyclers = Moderate (≥ 3 self-reported losses of ≥ 10 lb (≥ 4.5 kg) since age 18) and Severe (≥ 3 self-reported losses of ≥ 20 lb (≥ 9.1 kg) since age 18) weight cyclers; Non-cyclers = All others. GEE models were used to compare changes from baseline to 12-months between moderate and severe cyclers compared to non-cyclers. ⁎ P = differences in %change from baseline between cyclers and non-cyclers within each intervention arm.
a P = .06 after adjusting for baseline BMI. b P = .08 after adjusting for baseline BMI. c P = .04 after adjusting for baseline BMI.
and will only be able to be examined in longitudinal studies with serial measurements and/or detailed self-reporting. In a recent cross-sectional analysis of 159 overweight postmenopausal women [25] , ghrelin levels were 11%, 22%, and 44% higher in women who reported ever losing ≥10 lb (≥4.5 kg), ≥20 lb (≥9.9 kg), and ≥50 lb (≥23 kg), respectively compared to women who reported never intentionally losing ≥10 lb. More frequent weight loss was also associated with higher ghrelin and modest trends towards lower insulin and glucose. Thus, it is possible that magnitude and frequency of weight cycling episodes have differential effects on metabolic and hormonal responses to weight loss that are not maximally captured with a combined measure.
The strengths of the current study include its large sample size, comprehensive collection of physiological measures and high retention and adherence rates, although the potential for differential over-reporting of non-supervised exercise between weight cyclers and non-cyclers cannot be ruled out. The classification of weight cycling was based on self-reported episodes that were collected retrospectively; thus, some degree of misclassification due to recall bias is possible. Given that the current sample included women who volunteered to participate in a trial targeting weight loss, a higher prevalence of weight cycling compared to population-based samples is not surprising [1] [2] [3] [4] , yet is still slightly lower than reported in another sample of post-menopausal women enrolled in a 6-month weight loss intervention [11] . The high prevalence of weight cycling among overweight post-menopausal women underscores the importance of understanding its impact on weight loss and metabolic improvements in this population.
Two-thirds of the U.S. population is currently overweight or obese [42] , and available estimates indicate that nearly half of American women are currently dieting to lose weight [43] . Repeated unsuccessful attempts at maintaining weight loss are frustrating for individuals as well as health care providers. Reports that weight cycling may be associated with increased risk of particular health outcomes have called into question the prudence of recommending weight loss in otherwise healthy men and women, particularly in light of the difficulty of weight loss maintenance [19, 20] . Yet, several analyses where unintentional and intentional weight loss has been clearly distinguished have failed to show an independent association between weight cycling and risk of morbidity or mortality [1, 5, 16, 44] . Moreover, the risk of future weight gain previously associated with weight cycling was recently shown to be greater among women who employ unhealthy weight control strategies rather than ones generally encouraged in most structured behavior change programs [37] .
Our results suggest that a history of weight cycling does not impede successful participation in lifestyle interventions or alter the benefits of diet and/or exercise on anthropometric and metabolic outcomes in women. Thus, a history of unsuccessful weight loss should not dissuade an individual from future attempts at weight loss or diminish the role of a healthy diet and regular physical activity in successful weight management. However, healthy and sustainable approaches to weight loss should be promoted. Given that lost lean mass is not fully recovered during weight regain [36] , the benefit of exercise for preventing lean mass loss during caloric restriction is an especially important message for patients and clinicians in order to minimize the detrimental effects of weight cycling on future weight gain.
